Two closely related protein-tyrosine kinases with the characteristics of growth factor receptors were identified by screening a chicken embryo cDNA expression library with anti-phosphotyrosine antibodies and were designated Cek2 and Cek3 (chicken embryo kinases 2 and 3). Cek2 and Cek3 are structurally related to Ceki, a chicken basic fibroblast growth factor receptor, and presumably represent receptors for basic fibroblast growth factor-related molecules. The identification of Cek2 and Cek3 establishes the existence of a family of protein-tyrosine kinases that includes Ceki and that is likely to be implicated in the control of developmental processes. Among protein-tyrosine kinases, this family of receptors, which may include other as yet unknown members, is most closely related to the protooncogene product Ret and the platelet-derived growth factor receptor family.
A growing body of evidence suggests that a prominent physiological function of protein-tyrosine kinases involves the control of developmental processes, such as cell growth, differentiation, and migration. Many protein-tyrosine kinases, although scarce in most adult tissues, are expressed at much higher levels in embryos. In fact, protein-tyrosine kinase mRNAs appear to be abundant during some stages of development (1) and several protein-tyrosine kinases, such as the insulin and insulin-like growth factor receptors (2, 3) and the epidermal growth factor receptor (4) , have been shown to be expressed at higher levels during development than in the adult. Protein-tyrosine kinases are active during development, since extensive protein-tyrosine phosphorylation can be detected in embryonic tissues, particularly during certain stages ofdevelopment (5) . Furthermore, the role that proteintyrosine kinases play during development is, in many instances, crucial: major phenotypic alterations ensue when the functions of embryonic protein-tyrosine kinases are impaired (6) (7) (8) . To understand how protein-tyrosine kinases regulate certain developmental events, it is important first to identify the kinases expressed in embryos and then to characterize their specific properties and functions.
In order to identify protein-tyrosine kinases expressed at high level in embryonic tissues, a chicken cDNA expression library derived from whole 10-day embryos was screened with anti-phosphotyrosine (anti-P-Tyr) antibodies (1) . These antibodies can be used to detect the enzymatic activity of proteintyrosine kinases, or their fragments, expressed in bacteria (1, (9) (10) (11) (12) . As shown here, this method is suitable for the rapid identification of a number of different protein-tyrosine kinases; even when they are closely related. The existence of different proteins with similar structural properties would be difficult to recognize by biochemical methods.
The clones that have been isolated so far represent 6 different cDNAs, one corresponding to p6C-Yes (13) , the others to proteins that had not been identified at the time of the initial experiments (14) and that were designated Ceki through Cek5. Cek4 and Cek5 are closely related proteins homologous to the transmembrane tyrosine kinase Eph (ref. 15 ; unpublished results) and will be described elsewhere. Cekl, a 100-to 110-kDa transmembrane protein with the characteristics of a protein-tyrosine kinase receptor, was found to be developmentally regulated (1) . In fact, Cekl is abundant in many chicken embryonic tissues, but not in the corresponding adult tissues, with the exception of brain (1) . A protein identical to Cekl was simultaneously isolated by others from 6-day chicken embryos on the basis of its ability to bind basic fibroblast growth factor (bFGF) (16) . This confirms previous reports suggesting that the receptor for bFGF may be a protein-tyrosine kinase (17) .
The determination of the primary sequence and structural configuration of Cek2 and Cek3, reported here, shows that these proteins are homologous to Cekl and establishes the existence of a family of closely related protein-tyrosine kinase receptors. This family is likely to play important roles during embryonic development.*
MATERIALS AND METHODS
The method for screening a cDNA expression library with anti-P-Tyr antibodies and the procedures for sequencing have been described (1, 9) . In addition to the use of suitable restriction enzyme sites, a double-stranded exonuclease kit (Pharmacia LKB) was used to produce a set of pBluescript (Stratagene) deletion clones carrying Cek2 and Cek3 cDNA inserts of various lengths to be used for sequence analysis. Clones extending into the 5' regions of the Cek2 and Cek3 cDNAs were isolated by screening a 10-day chicken embryo Agtll library (Clontech) with fragments (400-1500 nucleotides long) from the clones previously isolated with anti-PTyr antibodies. The MFTWR---CLILWAVLVTATLSAARPA-------PTL-PDQALPKANI-EVESHSAHPGDLLQLRCRLRDDVQSINWVRDGVQLPENNRTRITGEEVEV (1), Cek2, and Cek3. The three sequences were aligned using the program DFALIGN (22) . Dots replace residues in Cek2 and Cek3 that are identical to the corresponding residue in Ceki. Hyphens represent gaps introduced in the sequences to aid the alignment. Signal-peptide sequences and putative transmembrane domains are underlined. The six cysteines in the immunoglobulin-like regions (') and the other residues characterizing the three immunoglobulin-like domains (') are indicated. Stars mark residues that are conserved in protein-tyrosine kinase catalytic domains (21) , and the residues of the kinase insert regions are identified by open circles. The ATG codons encoding the initial methionines were assigned on the basis of the following criteria: (i) they are followed closely by stretches of hydrophobic amino acids that presumably represent signal'sequences for translocation into the endoplasmic reticulum; (ii) they lie in a favorable context for translation initiation (18) ; and (iii) their location corresponds to that of the Cekl initial methionine (1, 16) . Additional ATG codons are present 5' to the presumed initiator codon of both Cek2 and Cek3 (Fig. 1) . Open reading frames extend from the initial methionines for 806 amino acids in the case of Cek2 and 823 amino acids in the case of Cek3. Both the Cek2 and Cek3 proteins, like Cekl, have the characteristics of transmembrane proteins with tyrosine kinase activity. Cek2 amino acids 1-19 and Cek3 amino acids 1-22 presumably represent the signal-peptide sequences (19) . Cek2 residues 365-389 and Cek3 residues 380-400 represent stretches of hydrophobic amino acids with the characteristics of transmembrane domains. The putative extracellular regions of Cek2 and Cek3, which are presumably involved in the recognition of a ligand (see Discussion), contain many possible N-glycosylation sites (Fig. 1) and three immunoglobulin-like domains (20) , characterized by the consensus sequence Cys.... .Trp....Asp-Xaa,-Gly-Xaa-Tyr-Xaa-Cys (where the dots represent stretches of amino acids that are not conserved). The cytoplasmic regions of Cek2 and Cek3 contain residues typical of tyrosine kinase catalytic domains (21) . Within these regions, the residues thought to be implicated in ATP binding and a tyrosine presumed to be a site for autophosphorylation are marked in Fig. 1 .
The amino acid sequences of Cek2 and Cek3 are compared with that of Ceki in Fig. 2 , and some of the characteristics of the three proteins are summarized in Table 1 . An unusual stretch of acidic residues located between the first and second immunoglobulin-like regions and previously observed in the Ceki sequence (1) is also present in the Cek2 and Cek3 sequences (residues 131-138 and 135-139, respectively), although it is shorter in Cek3. The distance between the transmembrane domain and the putative ATP binding site is 87 residues in Cekl, 83 residues in Cek2, and 89 residues in Cek3. The residues that are usually conserved in tyrosine kinase catalytic domains (21), indicated by stars in Fig. 2 , are identical in Cekl, Cek2, and Cek3. Like Cekl, Cek2 and Cek3 have a stretch of 14 amino acids interrupting the catalytic domain. However, the amino acid sequence of this "kinase insert" region is not well conserved among the three proteins (Fig. 2) . The calculated molecular masses of the three kinases are very similar (Table 1) . However, posttranslational modifications, such as glycosylation, may increase the apparent molecular masses of Cek2 and Cek3, as appears to be the case for Ceki (1, 16) . The hydropathy profiles of Cekl, Cek2, and Cek3 (not shown) are also very similar.
As shown in Fig. 2 , the regions of greatest divergence among the three proteins include the amino-terminal portion (-200 amino acids preceding the second immunoglobulinlike domain); the region between the third immunoglobulinlike domain and the catalytic domain, which includes the transmembrane domain; and the carboxyl-terminal end, following the tyrosine kinase domain.
Proc. Natl. Acad. Sci. USA 87 (1990) keratinocyte growth factor, and FGF-6 (28) (29) (30) (31) (32) (33) . Several of these growth factors have been detected in embryonic tissues (28, 31, 34) , where they presumably interact with proteintyrosine kinase receptors that are likely to be different from, but related to, the bFGF receptor Ceki. The extracellular ligand-binding domains of Cek2 and Cek3 are 56% and 64% identical, respectively, to Ceki. These levels ofhomology are similar to that between the extracellular domains of insulin and insulin-like growth factor receptors (54%). Each of these receptors binds both insulin and insulin-like growth factor, but with a lower affinity for the heterologous ligand (35) . The extracellular domains of PDGF receptors type A and B are also structurally similar, although only 31% identical at the amino acid level (26) . Both are receptors for PDGF BB, but only PDGF receptors of type A bind with high affinity the PDGF AB and AA dimers (26) .
It is likely that different members of the bFGF growth factor family may bind to Cek2 and Cek3. Interestingly, the calculated isoelectric point of the extracellular domain of Cek2 is different from those of Ceki and Cek3 ( Table 1 ), suggesting that Cek2 may be the receptor for a differently charged ligand. Furthermore, the number of clones isolated from the library (Table 1 and unpublished data) suggests that although the three proteins are all present in a 10-day chicken embryo, Cek3 is not as abundant as Ceki, and Cek2 is the least abundant. Thus, one could speculate that Ceki interacts with a more abundant ligand or with a wider spectrum of ligands. In fact, bFGF and aFGF were shown to compete for the same high-affinity binding sites in chicken embryonic membranes (36) , and Flg, which presumably represents the human homologue of Ceki (see Table 1 ), was shown to bind both bFGF and aFGF (24) .
Bek is a mouse protein-tyrosine kinase identified by screening a liver cDNA library with anti-P-Tyr antibodies (10) . Comparison of the sequence of Bek with those of Ceki, Cek2, and Cek3 indicates that Bek is likely to represent the mouse homologue of Cek3, rather than that of Ceki or Cek2 (Table 1) . Since only the catalytic domain of Bek has been isolated, its ligand specificity has not been determined.
While this manuscript was in preparation, the identification of the mouse homologue of the chicken bFGF receptor (Cekl) ( Table 1) was reported (23) . The mouse bFGF receptor was identified by using the polymerase chain reaction to amplify mouse embryo protein-tyrosine kinase-related sequences. These experiments also suggested that the bFGF receptor may be part of a multigene family. Homologues of Cek2 in other species have not been described.
Although Cekl, Cek2, and Cek3 do not belong to any ofthe known protein-tyrosine kinase families, the phylogenetic tree Developmental Biology: Pasquale 5816 Developmental Biology: Pasquale in Fig. 3 indicates that they are most closely related to Ret and the PDGF receptor family. This is consistent with the fact that among the known protein-tyrosine kinases, only the members of the PDGF receptor and Cekl families have immunoglobulin-like regions in their extracellular domains. Also, the separation ofthe Cekl-family ancestor from the Ret ancestor appears to have occurred more recently than the separation from the PDGF receptor ancestor (Fig. 3) . These phylogenetic relationships are consistent with several observations: (i) Ret has a kinase insert region that is intermediate in length between that of the members of the PDGF receptor family (21) and that of the Cekl family and (ii) the distance separating the Ret transmembrane and kinase domains (73 amino acids) is intermediate between that of most tyrosine kinases (about 50 amino acids) and that of the Cekl family. Ret also represents a developmentally regulated protein tyrosine kinase and presumably a receptor (37) .
The regulation of the expression and activity of Cekl, Cek2, and Cek3 during development appears to be complex. The relatively high number of clones isolated for this family of kinases suggests that the corresponding mRNAs are abundant in embryonic tissues (1). However, their 5' untranslated regions are unusual among eukaryotic mRNAs. The high G+C content (Table 1 ) and the presence of AUG codons 5' to the putative initiation sites ( Fig. 1 and Table 1 ) suggest that the translation of the Cekl, Cek2, and Cek3 mRNAs is regulated during development (18) . Similar characteristics are found in the 5' untranslated region of a number of other growth-control genes (18) . Furthermore, several different Cek2 cDNAs were isolated (unpublished results), suggesting the presence, in embryonic tissues, of different mRNAs produced by alternative splicing. In order to understand the complex interplay between the growth factors of the bFGF family and their receptors during development, it will be necessary to proceed further in the identification and characterization of the genes involved and of their products.
